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Outline of talkOutline of talk

�� Introduction Introduction –– the LHC and its experimentsthe LHC and its experiments
�� LHC in the lineage of heavy ion facilitiesLHC in the lineage of heavy ion facilities
�� Lead ion injector chain Lead ion injector chain 
�� Design parameters of the LHC as a lead ion Design parameters of the LHC as a lead ion 

collidercollider
�� Accelerator physics issues limiting the Accelerator physics issues limiting the 

performanceperformance
�� ScheduleSchedule

�� So people will stop asking me …So people will stop asking me …
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IntroductionIntroduction

�� LHC designed mainly as a protonLHC designed mainly as a proton--proton colliderproton collider
But was not But was not notnot called “LPC” for nothing … called “LPC” for nothing … 

�� Will also operate as heavy ion collider for Will also operate as heavy ion collider for 
something like 1 month/yearsomething like 1 month/year

�� ALICE experiment dedicated to ions, CMS and ALICE experiment dedicated to ions, CMS and 
ATLAS also interestedATLAS also interested
The acceptable luminosity for heavyThe acceptable luminosity for heavy--ion physics ion physics 

is limited by the capabilities of the is limited by the capabilities of the 
experiments.experiments.
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Lead ions in LHC main ring: creditsLead ions in LHC main ring: credits

�� KarlheinzKarlheinz SchindlSchindl
overall Ioverall I--LHC project LHC project 
leaderleader

�� JohnJohn Jowett Jowett 
LHC main ringLHC main ring

�� Hans BraunHans Braun
collimationcollimation

�� Moira Gresham (Reed Moira Gresham (Reed 
College, Portland)College, Portland)
ECPP, softwareECPP, software

�� Bernard Bernard JeanneretJeanneret
nuclear effects, aperture nuclear effects, aperture 

�� Edgar Edgar MahnerMahner
Vacuum: Vacuum: desorptiondesorption
studiesstudies

�� Igor Igor PshenichnovPshenichnov (INR, (INR, 
Moscow)Moscow)
nuclear cross sectionsnuclear cross sections

�� Elena Elena ShaposhnikovaShaposhnikova
longitudinal dynamicslongitudinal dynamics

�� + many others in LHC + many others in LHC 
project project 
Optics, instrumentation, Optics, instrumentation, 
etc.etc.

�� PrePre--2003: Daniel 2003: Daniel 
Brandt, …Brandt, …
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The LHCThe LHC
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Collisions with ionsCollisions with ions

�� Consider Consider 208208PbPb82+82+--208208PbPb82+82+

collisions for nowcollisions for now
CM energy 1.15 PeV with CM energy 1.15 PeV with 
nominal dipole field.nominal dipole field.
Beam energy 2.76 TeV/u Beam energy 2.76 TeV/u 

�� pp--PbPb, p, p--A etc. laterA etc. later
�� ALICE detector specialises ALICE detector specialises 

in heavy ion physicsin heavy ion physics
�� CMS and ATLAS are also CMS and ATLAS are also 

interested in ionsinterested in ions
At nominal At nominal 
luminosity/bunch, initial luminosity/bunch, initial 
lifetime is short with 3 lifetime is short with 3 
active experiments.active experiments.

�� Run with 1 or 2 Run with 1 or 2 
experiments or adapt experiments or adapt 
luminosity during fill.luminosity during fill.
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Hadronic matterHadronic matter

Phase diagram of hadronic matter showing phase transition from 
hadron gas to quark-gluon plasma.   Predictions of QCD.

Source: J. Schukraft
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Heavy Ion Physics ParametersHeavy Ion Physics Parameters

With increasing energy, more partons are available, interact more effectively. 
Thermalized high-T phase established more quickly and lasts longer.

SPS RHIC LHC
CM energy nucleon s u GeV 17 200 5500 µ 28

Charged multiplicity dNch
dy 400 800 > 3000 challenge

Energy density e GeV fm3 3 5 15- 60 denser
Freeze- out volume Vf fm3 º 103 º 104 º 105 larger

QGP lifetime tQGP fm c b 1 1.5- 4 > 10 longer
Thermalization time t0 fm c r 1 º 0.2 b 0.1 faster

tQGP t0 1 6 r 30

Source: J. Schukraft, Y. Schutz
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The LHC Injector Chain The LHC Injector Chain -- SchematicSchematic

LEIR 72 MeV/n Pb

6 GeV/n Pb

177 GeV/n Pb

2.76 TeV/n Pb-Pb

LEIR 72 MeV/n

Not to scale

Injector chain slides from K. 
Schindl
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150 eµAe x 200 µs Linac3 output after stripping
2 Same physical emittance as protons, with the same tight emittance budget
3For 208 Pb82+, 1 eVs/n ~ 2.5 eVs/charge
4If bunchlets are used in the SPS 

LHC LHC PbPb Injector Chain: Injector Chain: 
Key Parameters for luminosity 10Key Parameters for luminosity 102727 cmcm--22 ss--11

1 eVs/n0.40.050.025 eVs/nεlong per LHC bunch3

11.653.9200total bunch length [ns]

~10’fill/ring~503.63.60.2-0.40.2-0.4Repetition time [s]

1.51.21.00.70.25~0.10ε∗(nor. rms) [µm]2

100100 100 (or 95/5)4bunch spacing [ns]

7 1079 1071.2 1082.25 1081.15 1099 109ions/LHC bunch

4.1 1010< 4.7 1094.8 1089 1081.15 109 1)9 109ions/pulse

59252,48,324 (or 4x2)42 (1/8 of PS)bunches/ring

23350150086.7   57.14.802.28 1.14Output Bρ [Tm]

82+82+54+   82+54+27+ 54+27+208Pb charge state

2.76 TeV/n177 GeV/n5.9 GeV/n72.2 MeV/n4.2 MeV/n2.5 KeV/nOutput energy

LHCSPS   12PS  13,12,8LEIRLinac 3ECR Source

1 eVs/n0.40.050.025 eVs/nεlong per LHC bunch3

11.653.9200total bunch length [ns]

~10’fill/ring~503.63.60.2-0.40.2-0.4Repetition time [s]

1.51.21.00.70.25~0.10ε∗(nor. rms) [µm]2

100100 100 (or 95/5)4bunch spacing [ns]

7 1079 1071.2 1082.25 1081.15 1099 109ions/LHC bunch

4.1 1010< 4.7 1094.8 1089 1081.15 109 1)9 109ions/pulse

59252,48,324 (or 4x2)42 (1/8 of PS)bunches/ring

23350150086.7   57.14.802.28 1.14Output Bρ [Tm]

82+82+54+   82+54+27+ 54+27+208Pb charge state

2.76 TeV/n177 GeV/n5.9 GeV/n72.2 MeV/n4.2 MeV/n2.5 KeV/nOutput energy

LHCSPS   12PS  13,12,8LEIRLinac 3ECR Source 4
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Pb Ions for LHC: Hardware UpgradesPb Ions for LHC: Hardware Upgrades

Pb27+ Pb54+

LEIR

Repetition rate 1 5 Hz: 
New power converters 
RF upgrade to 5 Hz 

Repetition rate 1 5 Hz: 
New power converters 
RF upgrade to 5 Hz Energy ramping 

cavity Dp/p ~ 0.4%
Energy ramping 
cavity Dp/p ~ 0.4%

Bi-directional injection/transfer Line
Multiturn inject. into 6D phase space
Fast (high-current) electron cooling
UHV low 10-12 Torr by beam scrubbing 
RF cavities with frequency “swing” ~8

Bi-directional injection/transfer Line
Multiturn inject. into 6D phase space
Fast (high-current) electron cooling
UHV low 10-12 Torr by beam scrubbing 
RF cavities with frequency “swing” ~8

New injection equipment
RF gymnastics to obtain 4 bunches, 
spaced 100 ns (4 pairs of bunchlets ?)

New injection equipment
RF gymnastics to obtain 4 bunches, 
spaced 100 ns (4 pairs of bunchlets ?)

Al Stripper Pb54+ to Pb82+: 
low-beta insertion

Al Stripper Pb54+ to Pb82+: 
low-beta insertion

Injection of  52 bunches (pairs
of bunchlets) at 5.9 GeV/n
Possibly merging pairs of
bunchlets to 52  bunches at 
177 GeV/n by 100 MHz RF syst. 

Injection of  52 bunches (pairs
of bunchlets) at 5.9 GeV/n
Possibly merging pairs of
bunchlets to 52  bunches at 
177 GeV/n by 100 MHz RF syst. 

200 eµA Pb25+: 
RF generator 
14.5 18 GHz
or: improved 
14.5 GHz CEA 
Grenoble

200 eµA Pb25+: 
RF generator 
14.5 18 GHz
or: improved 
14.5 GHz CEA 
Grenoble
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Heavy Ion (Lead) Linac3 SourceHeavy Ion (Lead) Linac3 Source

Present ECR (Electron Cyclotron 
Resonance Source) delivers ~ 120 eµA x 
200 µs Pb27+. To get near the nominal 
200 eµA, upgrading from 14.5 to 18 GHz 
microwave frequency may be envisaged

GTS (Grenoble Test Source) from CEA

ECR source with super-performance: >200 eµA
with 14.5 GHz expected (proven with Bi)

Purchase of a GTS source being negotiated

LEIR Running-in + Early Scheme feasible with 
present source, albeit without margin
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Lead Charge States 25+,26+,27+ in Linac3Lead Charge States 25+,26+,27+ in Linac3

 

Extra magnet

~50 k

Spectrometer

Spectrometer

Horizontal Phase plane at RFQ entry
Extra magnet makes spectrometer dispersion-free

Results partially verified experimentally:
Intensity gain factor >1.5 appears realistic

at 
present

with extra 
magnet

A. Lombardi, V. Coco, R. Scrivens, E. 
Sargsyan
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RF Gymnastics in the PS for RF Gymnastics in the PS for PbPb ionsions

13Chamonix XII - Session 2 Summary – J.-P. Riunaud

h=14 to h=12

Splitting h=24 
h=24 to h=21

h=21 to h=169

h=16 to h=14

Injection h=16

1.0
 G

e V
/u

5.
9 

Ge
V/

u
72

.2
 M

eV
/u

100 ns bunchlets5ns
Splitting

h≈423 (200MHz)

100 ns

114 ns

200 ns

171 ns

352 ns

M. Chanel, S. Hancock, M. Martini

¼ of PS 
circumference

no 
bunchlet

s

Skip LEIR
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SPSSPS
� Bunchlets – Yes or No?

– Injection plateau lasting 43.2 s at 57.1 Tm, accumulating up to 13 PS 
batches of 4 bunches (4 pairs of bunchlets) each. Very little transverse 
blow-up/losses allowed

– Pb ions suffer from incoherent space charge detuning and Intra-Beam 
Scattering (IBS)

– Halving the number of ions/bunch (= making bunchlet pairs) halves 
these effects as well.

– Bunchlet pairs can be recombined by a 100 RF system before 
extraction to the LHC 

– Space charge detuning      (about the same in either plane) for 
nominal Pb ion bunches: 

� 0.082 calculated   
� experience: SPS can stand not more than 
� Recent measurements (with p): DQ up to 0.18 acceptable on the injection 

plateau
– IBS growth times (nominal bunches): ~300 s which is acceptable
– and IBS the same for Nominal and Early schemes (bunch 

properties identical) 
� No bunchlets in the early scheme (“calculated risk”) 
� No installation of 100 MHz RF systems now (intended to limit their impact 

on p beams)

pp 070.∆Q =

∆Q

∆Q
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Early Lead Operation SchemeEarly Lead Operation Scheme

LEIR

PS at injection and acceleration

TT2 after stripper

SPS at  injection (7.2 s flat-bot),
after 3 (4) transfers from PS

SPS at  extraction,
after 3 (4) transfers from PS

LHC at injection,
after 16 transfers from SPS

(2.5 108  Pb ions / 2.4 s) 1

1

Nb of 
bunches

1

3 (4)

3 (4)

about 60

Harmonic 
number / 
Frequency

1

16 + 169

16

200 MHz

200 MHz

400 MHz

Pb ions /
(future) LHC bunch

2.5  108

1.2  108

9  107

7  107

No bunch splitting

∆QSPS
= 0.1

PS at extraction

1 injection

Lower L=5 1025 cm-2s-1 (factor 20) by fewer bunches (1/10) and β*=1

Keep nominal bunch population (7 107 ions/bunch) to study limitations 

L useful for physics (early discoveries)
much easier for injectors (Linac3, LEIR, PS), shorter LHC filling time 

(4’/ring)
improved Luminosity lifetime because of larger β*

J.P. Riunaud
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Parameters for Lead Ions in LHCParameters for Lead Ions in LHC

�� Revision/verification of all parametersRevision/verification of all parameters
Started at Started at ChamonixChamonix Workshop 2003Workshop 2003
SummarisedSummarised in forthcoming LHC Design Report in forthcoming LHC Design Report 

VolVol I, Chapter 21 (already on Web site)I, Chapter 21 (already on Web site)
�� Recent changes:Recent changes:

Optics update, crossing scheme for ALICEOptics update, crossing scheme for ALICE
Introduction of “Early Ion Scheme”Introduction of “Early Ion Scheme”
Performance limit from ECPP (later …)Performance limit from ECPP (later …)
Complete revision of lifetimes, IBS, etc.Complete revision of lifetimes, IBS, etc.
First studies of collimation of lead ions  First studies of collimation of lead ions  
No 200 MHz RF system for capture at injection No 200 MHz RF system for capture at injection 

nownow
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Nominal scheme parametersNominal scheme parameters
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Nominal scheme, lifetime parametersNominal scheme, lifetime parameters
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Early scheme ParametersEarly scheme Parameters

Only show parameters that are different from nominal schemeOnly show parameters that are different from nominal scheme
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Some things are straightforward …Some things are straightforward …

�� Beam current and stored energy 100 times lowerBeam current and stored energy 100 times lower
Many limits to performance of proton beams are Many limits to performance of proton beams are 

not a problem for lead ion beamsnot a problem for lead ion beams
�� impedanceimpedance--driven collective effectsdriven collective effects
�� beambeam--beambeam
�� electron cloudelectron cloud
�� activation and maintenance of collimators activation and maintenance of collimators 

�� Same Same geometricalgeometrical transverse beam size and transverse beam size and 
emittance emittance ⇒⇒ ssome aspects are similarome aspects are similar
Considerations of optics, dynamic aperture, Considerations of optics, dynamic aperture, 

mechanical acceptance, etc. more or less carry mechanical acceptance, etc. more or less carry 
over from protons.over from protons.
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Electromagnetic Interactions Electromagnetic Interactions 
of Heavy ionsof Heavy ions

QED effects in the peripheral collisions of heavy ions 
Rutherford 
scattering: 

++γ++ +→+ 82208822088220882208 PbPbPbPb  
Copious but harmless 

Free pair 
production:   

−+++γ++ +++→+ eePbPbPbPb 82208822088220882208  
Copious but harmless 

Electron 
capture by pair 
production  
(ECPP) 

+++γ++ ++→+ ePbPbPbPb 81208822088220882208  
Electron can be captured to a number of 
bound states, not only 1s. 
 
 

Secondary beam out of IP, 
effectively off-momentum” 

Pbfor    012.0
1

1
=

−
=δ
Zp  

Electromagnetic 
Dissociation 
(EMD) 

 

Secondary beam out of IP, 
effectively off-momentum: 

Pbfor  108.4
1

1 3−×−=
−

−=δ
Ap  

 

nPb

*)Pb(PbPbPb

82207

82208822088220882208

+

↓

+→+

+

++γ++

Importance of ECPP for 
machine first pointed out by 
Spencer Klein.

Other processes have 
smaller cross sections.
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Nuclear cross sectionsNuclear cross sections

�� CrossCross--section for section for PbPb totally totally 
dominated by dominated by 
electromagnetic processeselectromagnetic processes

�� Values for nonValues for non--PbPb ions ions 
may need upward revision may need upward revision 

H
He O Ar Kr In Pb

sH

sEMD

sECPP

stot
0

200

400

sêbarn

H
He O Ar Kr In Pb

sH sEMD sECPP stot

Hydrogen 0.105 0 4.25µ 10-11 0.105
Helium 0.35 0.002 1.µ 10-8 0.352
Oxygen 1.5 0.13 0.00016 1.63016
Argon 3.1 1.7 0.04 4.84
Krypton 4.5 15.5 3. 23.
Indium 5.5 44.5 18.5 68.5
Lead 8 225. 280.756 513.756

ECPPEMDHtot

beamfromremovalion for section -crossTotal
σ+σ+σ=σ

ECPP from Meier et al, Phys. 
Rev. A, 63, 032713 (2001), 
calculation for Pb-Pb at LHC 
energy

ECPP from Meier et al, Phys. 
Rev. A, 63, 032713 (2001), 
calculation for Pb-Pb at LHC 
energy
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Involved topic, numerous 
references … 

Extrapolation from SPS 
measurements at lower 
energy in Grafström et al, 
PAC99

Meier et al, Phys. 
Rev. A, 63, 032713 
(2001), calculation 
for Pb-Pb at LHC 
energy

Involved topic, numerous 
references … 

Extrapolation from SPS 
measurements at lower 
energy in Grafström et al, 
PAC99

Meier et al, Phys. 
Rev. A, 63, 032713 
(2001), calculation 
for Pb-Pb at LHC 
energy

CrossCross--sectionsection
for ECPPfor ECPP

Electron can be 
captured to a number 
of bound states, not 
only 1s.

Electron can be 
captured to a number 
of bound states, not 
only 1s.
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C.f. 204 barn used in 
previous discussions

[ ]

[ ]

[ ]

barn     281

barn   533.076.9)1()3(

barn            533.076.9
2.88.28.225

)2()2(
)3()2()1(

ECPP

2/3ECPP2/1ECPP

ECPPECPPECPPECPP

≈

+++σζ≈

+++
+++≈

+σ+σ+
+σ+σ+σ=σ

s

pp
sss

Use Meier et al’s result for 
Pb-Pb at LHC energy:

ECPP CrossECPP Cross--sectionsection

3
ECPP

ECPP
)1()(

n
sns σ

≈σ
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Main and ECPP secondary beamsMain and ECPP secondary beams

0

100

200

300

400

sêm

-0.02

0

0.02

xêm
-0.03

-0.02

-0.01

0

yêm
0.02

0

5σ beam envelopes, emerging to right of IP2  

Beam sizes different, strong chromatic effects

Collimation of 
secondary beam 
not easy, to be 
studied.

3max

max

106

  acceptance momentum outside momentum Shifted

Pbfor    012.0
1

1   Equivalent

−×≈δ>δ

δ

=
−

=δ

pp

p

p Z
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Secondary beam spotSecondary beam spot

3700

3705

3710

sêm

-0.02
-0.01

0
0.01

0.02

xêm

-0.01

0

0.01

yêm 3700

3705

3710

sêm

0.01
0
0.01

0.02

m/s

m/y

m/x

9.5 10 10.5 11 11.5 12

0.2

0.4

0.6

0.8

Energy deposition by ion flux 
from ECPP exceeds quench limit 
of superconducting magnets by 
factor ~2 at nominal luminosity. 
(some safety factors in hand ?)

m 4.1m 1length shower  with quadratureIn 
m, 1over Dilution 

≈
≈dl

Beam screen in a 
dispersion suppressor 
dipole

Pb/m/s 108  is ive)(conservatlimit Quench 4×
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Cures for ECPP?Cures for ECPP?

�� Collimator/spoilerCollimator/spoiler
Needs good separation of main and secondary Needs good separation of main and secondary 

beam, not easybeam, not easy
�� FoilFoil

ReRe--strip ions ?  strip ions ?  
�� Laser stripping?Laser stripping?

Huge Doppler shift helps (82 nm wavelength!)Huge Doppler shift helps (82 nm wavelength!)
Power?  Feasibility?Power?  Feasibility?

�� Not seen in RHIC because of large chamber ?Not seen in RHIC because of large chamber ?
(would need (would need DDxx > 3 m for 4 cm half> 3 m for 4 cm half--width)width)
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Consequences of EMD effectConsequences of EMD effect

�� Magnetic rigidity of ion decreasedMagnetic rigidity of ion decreased
Not studied in much detail so farNot studied in much detail so far

n)1,(

*),(),(),(),(

22

22112211

+−
↓

+→+ γ

AZ

AZAZAZAZ

systemn collimatio momentumby  up taken be should 

106108.0108.4

 acceptance momentum  tospread momentum shifted Compare

Pbfor  108.4
1

1 Equivalent

3max33

max

3

⇒

×≈δ<×+×=σ+δ

δ

×−=
−

−=δ

−−−
δ

−

pp

p

p A
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CollimationCollimation

�� 208208PbPb82+82+ ionion--graphite interactions compared with graphite interactions compared with 
pp--graphite interactions.graphite interactions.

From Hans Braun
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FLUKA calculations from Vasilis Vlachoudis
for dump kicker single module prefire

Robustness of collimator against mishapsRobustness of collimator against mishaps

The higher 
Ionisation loss 
makes the 
energy 
deposition at 
the impact side 
almost equal to 
proton case, 
despite 100 
times less beam 
power.

Similar damage 
potential.

From Hans Braun
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The probability to convert a 208Pb nucleus into a neighboring nucleus. 
Impact on graphite at LHC collision energy.

Cleaning efficiencyCleaning efficiency

Collimators tend to 
put fragments on 
trajectories with 
large momentum 
errors and small 
betatron amplitude 
– but the secondary  
collimators are 
designed to cut 
betatron amplitudes

Studies under way.

From Hans Braun
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Nominal ILHC beam at collision
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OpticsOptics

�� Ion optics at injection/ramp Ion optics at injection/ramp 
assumed to be essentially same as protonsassumed to be essentially same as protons

�� Treat only lead ion optics in collisionTreat only lead ion optics in collision
Update for move of Q3 magnets (part of V6.5)Update for move of Q3 magnets (part of V6.5)
Focus on IR2 (ALICE, Focus on IR2 (ALICE, specialisedspecialised ion ion 

experiment)experiment)
�� Maintain Maintain ββ*=0.5 m (unlike protons which have *=0.5 m (unlike protons which have 
ββ*=0.55 m for reasons of aperture)*=0.55 m for reasons of aperture)

Ion collisions for ATLAS/CMS may use proton Ion collisions for ATLAS/CMS may use proton 
optics optics 

�� Or also  squeeze furtherOr also  squeeze further

Main issue is separationMain issue is separation
�� Optics reOptics re--matched by T. matched by T. RisseladaRisselada
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Longitudinal parametersLongitudinal parameters

Longitudinal emittance at 
injection from SPS has been 
reduced since we no longer 
have 200 MHz RF system for 
capture.
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IntraIntra--beam scatteringbeam scattering

Injection Collision
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Synchrotron RadiationSynchrotron Radiation

� LHC is the first proton storage ring in which 
synchrotron radiation plays a noticeable role, 
(mainly as a heat load on the cryogenic system) 

� It is also the first heavy ion storage ring in which 
synchrotron radiation has significant effects on 
beam dynamics. 
Surprisingly, perhaps, some of these effects are 

stronger for lead ions than for protons.

p
p

p E
A
ZE

mAc
ErZ

U =
ρ

π
= ion346

4
ion

2

,
3
4

per turn lossradiation n Synchrotro
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Synchrotron RadiationSynchrotron Radiation

�� Scaling with respect to Scaling with respect to 
protons protons in same ring, same in same ring, same 
magnetic fieldmagnetic field

Radiation damping for Radiation damping for PbPb
is twice as fast as for is twice as fast as for 
protonsprotons

�� Many very soft photonsMany very soft photons
�� Critical energy in Critical energy in 

visible spectrumvisible spectrum

20 40 60 80
Z

0.5

1

1.5

2

tp
ÅÅÅÅÅÅÅÅÅÅÅ
tion

Radiation damping 
enhancement for all 
stable isotopes

Lead is (almost) best, deuteron is worst.
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Damping partition number variationDamping partition number variation

�� Allows us to switch some radiation damping from Allows us to switch some radiation damping from 
longitudinal into horizontal motionlongitudinal into horizontal motion
Heavily used at LEP, PETRA, TRISTAN, … Heavily used at LEP, PETRA, TRISTAN, … 
Overcome IBS, shrinking horizontal emittance to Overcome IBS, shrinking horizontal emittance to 

maximize integrated luminositymaximize integrated luminosity
Price of a few mm negative closed orbit in arc Price of a few mm negative closed orbit in arc 

QFsQFs –– needs further studyneeds further study
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Luminosity and beam lifetimeLuminosity and beam lifetime

�� InitialInitial beam (intensity) lifetime due to beambeam (intensity) lifetime due to beam--
beam interactions (nonbeam interactions (non--exponential decay) exponential decay) 

where where nnexpexp is the number of experiments is the number of experiments 
illuminatedilluminated

�� But luminosity may be limited by experiment or But luminosity may be limited by experiment or 
quench limitquench limit

ββ**--tuning during collision to tuning during collision to maximisemaximise integrated integrated 
luminosity luminosity –– especially if especially if NNbb can be increased.can be increased.
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Luminosity and beam lifetimeLuminosity and beam lifetime

�� InitialInitial beam (intensity) lifetime due to beambeam (intensity) lifetime due to beam--
beam interactions (nonbeam interactions (non--exponential decay) exponential decay) 

where where nnexpexp is the number of experiments is the number of experiments 
illuminatedilluminated

�� But luminosity may be limited by experiment or But luminosity may be limited by experiment or 
quench limit (see later)quench limit (see later)

Idea of Idea of ββ**--tuning during collision to maximize tuning during collision to maximize 
integrated luminosity integrated luminosity –– especially if especially if NNbb can be can be 
increased.increased.

Pb-Pbwith scm 10 nominalfor      hour4.22 1-2-27
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Nominal scheme, lifetime parameters (again)Nominal scheme, lifetime parameters (again)
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Separation in IR2: three illustrative Separation in IR2: three illustrative 
casescases

3100 3200 3300 3400 3500 3600
fIP2bump= 17%, fALICE= 100%, qc= 82.2 mrad
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fIP2bump= -65%, fALICE= -100%, qc= 81. mrad
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Two ways of 
getting a 
crossing angle of 
80 µrad; one 
way to get zero 
crossing angle.

Total separation 
is superposition 
of ALICE 
spectrometer 
bump and 
“external” 
vertical 
separationBeam 1 / Beam 2

Animation!
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Parasitic beamParasitic beam--beam encountersbeam encounters
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Show only 
vertical 
separation in 
units of vertical 
RMS beam size 
of Beam 1. 

Red lines are 
possible (ion) 
encounters 
(Sb/2)

Zero crossing 
angle is just 
about achievable 
with minimum 
3σ separation 
(strictly need 20 
µrad).

Bad!
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Aperture (APL program)Aperture (APL program)

All meet the 
canonical 
aperture 
requirements 
with β*=0.5m
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Interaction of Interaction of PbPb ions with residual gasions with residual gas

�� Losses due to nuclear scattering on residual Losses due to nuclear scattering on residual 
gasesgases
Atoms in residual gases (6 usual suspects in Atoms in residual gases (6 usual suspects in 

Design Report for protons) have Z≤8. Design Report for protons) have Z≤8. 
For simplicity, discuss only the dominant For simplicity, discuss only the dominant 

inelastic nuclear scattering (leave out elastic inelastic nuclear scattering (leave out elastic 
and electromagnetic contributions, EMD, ECPP and electromagnetic contributions, EMD, ECPP 
which are smaller).  Somewhat optimistic!which are smaller).  Somewhat optimistic!

Dominant beamDominant beam--gas lifetime:gas lifetime:
is independent of intensity is independent of intensity 

Multiple Coulomb scattering on residual gas also Multiple Coulomb scattering on residual gas also 
causes emittance growth (similar to protons, causes emittance growth (similar to protons, 
not treated here).not treated here).

Lost ions are a heat load:Lost ions are a heat load:

i
i

inc ∑
∈

σ=
τ gasesbg

1

bgτ
=
Zec

EIkP bb
bg
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Inelastic nuclear cross sectionsInelastic nuclear cross sections

�� CrossCross--sections of protonsections of proton--nucleus and nucleusnucleus and nucleus--nucleus inelastic nucleus inelastic 
interactions at ~10 GeV/n, assumed similar at 2.75 TeV/n (as is interactions at ~10 GeV/n, assumed similar at 2.75 TeV/n (as is 
the case for protons)the case for protons)
Simple formula, V.S. Barashenkov, 1993Simple formula, V.S. Barashenkov, 1993
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Required gas pressuresRequired gas pressures

Gas σin nêm−3 τbgêh PbgêHWêmL
H2 3.75 1.03×1015 2.4 0.0165
He 2.48 8.2×1014 4.55 0.00872
CH4 10.9 2.14×1014 3.96 0.01
H2O 7.52 2.33×1014 5.28 0.00752
CO 7.22 1.65×1014 7.76 0.00512
CO2 11. 1.07×1014 7.89 0.00503

Gas σin nêm−3 PH300KLênTorr PH5KLêPa PbgêHWêmL
H2 0.09 1.03× 1015 32. 7.11× 10−8 0.0377
He 0.113 8.2× 1014 25.5 5.66× 10−8 0.0377
CH4 0.433 2.14× 1014 6.65 1.48× 10−8 0.0377
H2O 0.397 2.33× 1014 7.24 1.61× 10−8 0.0377
CO 0.56 1.65× 1014 5.14 1.14× 10−8 0.0377
CO2 0.868 1.07× 1014 3.32 7.37× 10−9 0.0377

Protons with lifetime 100h 

Lead ions with pressure that gave proton lifetime 100h 

Gas σin nêm−3 PH300KLênTorr PH5KLêPa PbgêHWêmL
H2 3.75 2.47× 1013 0.768 1.71×10−9 0.000397
He 2.48 3.73× 1013 1.16 2.58×10−9 0.000397
CH4 10.9 8.47× 1012 0.263 5.85×10−10 0.000397
H2O 7.52 1.23× 1013 0.383 8.5× 10−10 0.000397
CO 7.22 1.28× 1013 0.399 8.86×10−10 0.000397
CO2 11. 8.43× 1012 0.262 5.82×10−10 0.000397

Lead ions with lifetime 100h 
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Vacuum: ionVacuum: ion--induced molecular induced molecular desorptiondesorption

�� During heavyDuring heavy--ion ion 
operation, alarmingly large operation, alarmingly large 
pressure rises observed in pressure rises observed in 
diverse machines at CERN, diverse machines at CERN, 
GSI, BNL.GSI, BNL.
Dynamic pressure rise by Dynamic pressure rise by 
molecular molecular desorptiondesorption from from 
lost beam ions.lost beam ions.
Not well understood, data Not well understood, data 
is sparse, little is sparse, little 
information on information on 
parameterparameter--dependences.dependences.
Workshop in Dec 2003 at Workshop in Dec 2003 at 
BNL.BNL.
First results from recent First results from recent 
SPS experiment are SPS experiment are 
reassuring.  reassuring.  
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Dynamic outgassing tests of graphite Dynamic outgassing tests of graphite 
collimators with Incollimators with In49+49+ at 158 GeV/uat 158 GeV/u

158 GeV/u

LHC collimator

Graphite jaw alignment

Desorption experiment in SPS North Area

Collimator motorization

From Edgar Mahner / AT
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Electron Cloud effect with ions ?Electron Cloud effect with ions ?

�� Key parameters are charge/bunch and bunch spacingKey parameters are charge/bunch and bunch spacing
We do not expect electron cloud effects with We do not expect electron cloud effects with PbPb ions. ions. 
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NbQion

Pb nominalPb early 

RHIC with ecloud

LHC p nominal

LHC p no electron 
cloud (FZ simulation)
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Beam InstrumentationBeam Instrumentation

� Instrumentation optimised for protons early on
� Lead beams invisible on arc BPMs at about factor 

3 below full intensity.
Recent improvement of electronics 

� “Early” scheme – 10 times fewer bunches but full 
intensity/bunch (limited by injectors)

� Visibility on beam current monitors also limited
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Operational parameter space Operational parameter space 
with lead ionswith lead ions

0.01 0.05 0.1 0.5 1 5 10
Ib µ

1. × 1022

1. × 1023

1. × 1024

1. × 1025

1. × 1026

1. × 1027

cm 2s−1

V
isibility threshold on FB

C
T

Nominal

Visib
le o

n BCTDC

Early

-1-2scm/L

A/µbI

V
isibility threshold on arc B

PM

ECPP Quench limit
N

om
inal single bunch current

Visib
le o

n BCTDC

Thresholds for visibility on BPMs and BCTs.



J.M. Jowett,BNL Accelerator Physics Seminar, 19/3/2004 55

Tentative ITentative I--LHC Schedule (Early Beam)LHC Schedule (Early Beam)

LHCLHCSPS SPS PSPSLEIRLEIR
ring ring 

LEIR LEIR 
injection lineinjection line

New source New source 
available?available?
Hardware Hardware 
installed?  installed?  

Little time for  Little time for  
hardware hardware 

commissioning commissioning 

May 2005May 2005

January January 
20052005

from April from April 
20082008

(late 2006?)(late 2006?)
spring 2007spring 2007

May 2006May 2006August 2005August 200511Start beam Start beam 
commissioningcommissioning

ALICE wants ALICE wants 
beam “at the beam “at the 

end of 1end of 1stst

proton period” proton period” 
(Nov. 2007?)(Nov. 2007?)

SPS experts SPS experts 
are busy are busy 

commissioncommission--
inging LHC ringLHC ring

in 2007in 2007

StartStart--up up 
after an after an 

1818--months months 
shutdown shutdown 

with with 
new beamsnew beams

LEIR conversion LEIR conversion 
completed?completed?

Maybe runningMaybe running--
in through winter in through winter 

2005/6?2005/6?

ProblemsProblems

February February 
20062006

April 2005April 200511Start hardwareStart hardware
commissioning commissioning 

1SPS and PS stopped in 2005 “ideal” year for LEIR commissioning (more 
help available)
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ConclusionsConclusions

�� LHC will open up a new regime of ultraLHC will open up a new regime of ultra--
relativisiticrelativisitic heavyheavy--ion physicsion physics

�� Operation of LHC with lead ions limited by new Operation of LHC with lead ions limited by new 
effects, qualitatively different from protonseffects, qualitatively different from protons

�� Restricted to a narrow operational range of Restricted to a narrow operational range of 
parameters below the nominal luminosityparameters below the nominal luminosity

�� “Early scheme” will allow relatively safe “Early scheme” will allow relatively safe 
commissioning, access good initial physicscommissioning, access good initial physics
Reduced risk of magnet quenches from ECPP and Reduced risk of magnet quenches from ECPP and 

collimationcollimation
�� Uncertainties to be resolved with further studiesUncertainties to be resolved with further studies

ECPP heating, EMD losses, vacuum, collimation, ECPP heating, EMD losses, vacuum, collimation, 
RF noise, … RF noise, … 




